![Diagram of flow cytometry analysis of proteins expressed by cells.\
Flow cytometry is a fluorescence-based method that allows single-cell analysis of both extracellular and intracellular protein expression. Cells are stained with fluorochrome-labeled antibodies, collected in a flow cytometer, and analyzed using flow cytometry data analysis software such as CellQuest Pro. The flow cytometer is able to provide information on the proportion of cells expressing a specific receptor, as well as the relative number of receptors (mean fluorescent intensity - MFI) expressed by a single cell or population of cells.](nrs05007.f1){#fig1}

![CD45 expression in spleen, liver and thymus cells.\
Histograms generated by flow cytometry analysis software show expression of CD45 by freshly-isolated rat cells from spleen, liver and thymus. Light-colored lines represent cells stained with isotype control antibodies. Dark, bold lines represent cells stained with anti-rat CD45 antibodies. Each graph is representative of 5 experiments.](nrs05007.f2){#fig2}

![Steroid hormone receptor expression by rat leukocytes.\
Expression of steroid hormone receptors by CD45^+^ rat leukocytes from spleen, liver and thymus organs is analyzed using flow cytometry. Dot plots show glucocorticoid receptor (GR), androgen receptor (AR) and progesterone receptor (PR) expression by these cells -- termed double-positive cells. Isotype controls for GR and AR (Rabbit IgG) and PR (Mouse IgG) are shown for comparison. Cross hatch lines were determined by comparing with isotype control antibodies. Percentages represent the percent of CD45^+^ cells expressing the particular steroid hormone receptor examined. Each graph is representative of 7 separate experiments.](nrs05007.f3){#fig3}

###### Mean fluorescent intensity of steroid hormone receptor expression.

Mean fluorescent intensity (MFI) values of leukocytes expressing steroid hormone receptors are provided from dot plots shown in Figure 3. The table represents data automatically generated by the analysis software and shows the MFI values for CD45^+^ cells that express the glucocorticoid receptor (GR), androgen receptor (AR) and progesterone receptor (PR) -- termed double-positive cells. The MFI values for the isotype control antibodies are also shown for comparison. The values reported for this table are representative of 7 separate experiments.
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Introduction
============

Flow cytometry is a well established technique for examining and sorting fluorochrome-labeled cells. It provides simultaneous assessment of a multitude of characteristics of single, intact cells (live or fixed) using a laser beam and various detectors \[[@r2]; [@r3]; [@r1]; [@r4]; [@r5]\]. Individual cells are distinguished based on size, cytoplasmic granularity and positive or negative expression of different receptors using fluorochromes conjugated to an antibody that recognizes the protein of interest \[[@r25]; [@r7]\]. Typical fluorochromes include fluorescein isothyocyanate (FITC), phycoerthrin (PE) and peridinin chlorophyll protein (PerCP), which emit green, orange and red fluorescence, respectively.

Different detectors are used to analyze light scattering properties of each cell. Detectors aimed directly in line with the laser beam (forward scatter, FSC) determine the size of the cells; while detectors that are aimed perpendicular to the laser beam (side scatter, SSC) assess the granularity within the cytoplasm of cells \[[@r8]; [@r9]; [@r10]\]. Additional detectors are used to determine the amount of fluorescent intensity emitted by individual cells, which corresponds to the number of receptors expressed by the cells. The fluorescent data is collected and then translated into two forms of information: one set of information indicates the proportion of the total number of cells expressing a particular receptor (percent expression); while the second set of information furnishes the number of receptors expressed by an individual cell based on the brightness of fluorescence emitted by fluorescently-tagged antibodies (mean fluorescent intensity). Data can be plotted into a single-dimension histogram that demonstrates size, granularity or expression intensity of an antibody. Multiple parameters can also be displayed using a dot plot, which shows expression of up to two fluorochrome-labeled receptors, size (FSC) versus granularity (SSC), or a combination of these factors. In addition, it is possible to select information (termed gating) based on one of these parameters and show a histogram or dot plot of other parameters.

Flow cytometry is commonly used to examine immune cell activity, measuring changes in expression of activation markers (i.e., proteins expressed when immune cells are stimulated) on the surface of cells and changes in expression of intracellular proteins associated with specific types of immune responses, especially cytokine production \[[@r11]; [@r12]; [@r4]\]. Previous studies have shown the feasibility of using flow cytometry to measure steroid hormone receptors. Van, et al. \[[@r13]\] used fluoresceinated estradiol to identify estrogen receptors using flow cytometry, and Marchetti, et al. \[[@r14]\] generated a monoclonal antibody to the human glucocorticoid receptor (GR) to demonstrate the feasibility of using flow cytometry to measure GR on a T-cell acute lymphoblastic leukemia cell line. Berki, et al. \[[@r15]\] used flow cytometry to demonstrate GR expression in Hep G2 cells (human hepatocellular carcinoma cell line) and cells from mouse liver and thymus. Gotovac, et al. \[[@r16]\] used flow cytometry to evaluate differences in GR expression in patients with posttraumatic stress disorder compared to healthy volunteers, and, more recently, analyzed GR expression in different leukocyte populations of patients \[[@r17]\].

Here, we describe a method for evaluating protein expression of different steroid hormone receptors in rat leukocytes using flow cytometry and provide information on both proportions of cells expressing steroid hormone receptors, as well as the intensity of a particular steroid hormone receptor expressed by immune cells. Using real-time reverse-transcriptase polymerase chain reaction (RT-PCR) and fluorescent microscopy methods, we have previously detected mRNA and protein, respectively, for steroid hormone receptors in these cells \[[@r18]\]. In order to demonstrate that this technique can be used in a more generalized manner in the study of nuclear hormone receptors, we also include analysis of cells collected from different organs and show that this method is not exclusively useful for a particular tissue type.

Reagents and instruments
========================

Flow cytometer
--------------

To analyze the samples, a BD FACSCalibur multicolor flow cytometer (BD Biosciences; San Diego, CA) equipped with a 488-nm laser capable of detecting and distinguishing fluorescence emissions was chosen. This system combines dual-laser technology and powerful software to provide high throughput capacity for studies using whole cell suspensions that can be analyzed using an automated sample loader or manual sample loading ([Figure 1](#fig1){ref-type="fig"}). For these studies, the manual sample loading option was utilized. BD Biosciences has a reputation for providing quality instrumentation that is used in both clinical and research laboratories.

Analysis software
-----------------

Following collection of samples using a BD FACSCalibur cytometer, data was analyzed using BD CellQuest Pro (BD Biosciences; San Diego, CA). BD CellQuest Pro software is user-friendly companion software to the BD FACSCalibur that allows acquisition of information on cells collected by the cytometer followed by subsequent formatting and analysis of data.

Antibodies
----------

Antibodies that recognize and bind to amino acid residues 346-367 of the rat glucocorticoid receptor (GR) (100 μg/ml, diluted 1:5000); amino acid residues 533 to 547 of the rat progesterone receptor (PR) (100 μg/ml; diluted 1:5000); and amino acid residues 321 to 572 of the rat androgen receptor (AR) (100 μg/ml; diluted 1:5000) were purchased from Affinity Bioreagents (Golden, CO). Antibodies to rat CD45 (0.1 mg/ml) were purchased from BD Biosciences (San Diego, CA). Isotype control antibodies included the following: purified mouse IgG (PR control) (0.1 mg/ml; diluted 1:5000) (BD Biosciences); purified rabbit IgG (GR and AR control) (1 mg/ml; diluted 1:50000) (R&D Systems; Minneapolis, MN); mouse IgG1 (CD45 control) (0.1 mg/ml) (BD Biosciences).

Methods
=======

Isolation of spleen, liver and thymus tissue
--------------------------------------------

8-11 week-old female Fischer (F344/NHsd) rats were obtained from Harlan Sprague Dawley (Indianapolis, IN). Animals were maintained in pathogen-free facilities, and all procedures were performed on approved protocols in accordance with the NIMH Animal Care and Use Committee (ACUC). Animals were sacrificed by decapitation to obtain spleen, liver and thymus tissue, which were collected in RPMI 1640 (Mediatech; Herndon, VA) containing 10% charcoal-stripped serum (CSS) (Biomeda; Foster City, CA), 2% L-glutamine, and 2% penicillin-streptomycin (both from Sigma; St. Louis, MO) (conditioned medium). Charcoal-stripped serum was used, as some components of medium have been shown to demonstrate hormone-mimicking properties. Red blood cells were lysed with ACK lysis buffer containing ammonium hydroxide. Single cell suspensions of spleen, liver and thymus cells were obtained using mechanical shearing methods followed by passing cells through a cell strainer (70 μm). Granulocytes and red blood cells were removed using a Ficoll-Hypaque solution (Sigma-Aldrich, St. Louis, MO).

Analysis of hormone receptor expression
---------------------------------------

Cells from spleen, liver and thymus (1 x 10^6^/tube) were collected in polystyrene Falcon tubes (BD Biosciences, San Diego, CA) and washed with FACS buffer containing PBS (Molecular Biologicals, Inc.; Columbia, MD), 2% CSS (Biomeda), and 0.2% sodium azide (Sigma). Cells were centrifuged for 5 minutes at 2000 rpm. Supernatant was removed from tubes, followed by resuspension of cells and incubation with 10μl PE-labeled anti-rat CD45 antibody. Tubes were placed on ice and in the dark for 30 minutes to ensure sufficient time for antibody to bind to cells. Although studies have shown that fluorescent antibody labeling of cells can be performed at room temperature \[[@r19]\], it is recommended that these experiments be done at colder temperatures to ensure that the fluorochrome does not lose intensity during cell preparation.

Cells were washed with FACS buffer to remove excess antibody and centrifuged for 5 minutes at 2000 rpm. Cells were then treated with Cytofix/Cytoperm solution (BD Biosciences, San Diego, CA) for 20 minutes to permeabilize cells and washed with Cytofix/Cytoperm wash buffer to remove excess solution. Cells were incubated with 10μl horse serum for 10 minutes. Incubation of permeabilized cells with horse serum is a commonly used method for preventing nonspecific binding of antibodies to intracellular proteins \[[@r20]\]. 10μl purified antibodies to rat progesterone receptor (PR), androgen receptor (AR) or glucocorticoid receptor (GR) (all from Affinity Bioreagents) were added for 10 minutes; separate tubes were incubated with 10μl purified irrelevant antibodies to mouse IgG as an isotype control for PR or rabbit IgG as an isotype control to AR and GR. A secondary anti-mouse or anti-rabbit antibody conjugated to FITC was then added for an additional 10 minutes to each tube. All incubations were done on ice (4°C). Experiments included analysis of only one steroid hormone receptor expressed by cultured cells per sample. Cells were collected using a BD FACSCalibur (BD Biosciences, San Diego, CA) and analyzed with BD CellQuest Pro analysis software (BD Biosciences).

Results
=======

Identification of immune cells using flow cytometry
---------------------------------------------------

In order to evaluate expression of steroid hormone receptors by rat leukocytes, it was important to first identify immune cells from each sample. CD45 is a protein marker that is expressed on the surface of all leukocytes. Therefore, we used an antibody that is specific for this receptor to identify immune cell populations from each of the organ sites. As shown in [Figure 2](#fig2){ref-type="fig"}, histograms show proportions of CD45-expressing cells (CD45^+^) from spleen ([Figure 2](#fig2){ref-type="fig"}A), liver ([Figure 2](#fig2){ref-type="fig"}B) and thymus cells ([Figure 2](#fig2){ref-type="fig"}C). Each organ site had varying proportions of CD45^+^ cells. Each histogram also included the appropriate isotype control for the CD45 antibody to account for any background effect of the flow cytometer and analysis software.

Steroid hormone receptor expression in leukocytes
-------------------------------------------------

Following identification of the CD45^+^ population of cells in each organ site, we next determined the expression of steroid hormone receptors by this cell population. For these experiments, we chose to examine glucocorticoid receptor (GR), androgen receptor (AR) and progesterone receptor (PR) expression by these cells. We used dot plot diagrams, as these allow the visualization of expression of two receptors simultaneously. [Figure 3](#fig3){ref-type="fig"} shows expression of GR, AR and PR in CD45^+^ cells from spleen, liver and thymus. GR was expressed in approximately 50-60% of cells from each site. AR was expressed by approximately 25-40% of cells; and PR was expressed in approximately 20-30% of CD45^+^ cells.

Intensity of steroid hormone receptor expression in leukocytes
--------------------------------------------------------------

We were able to show that CD45^+^ cells expressed each of the steroid hormone receptors examined. We next wanted to determine the amount of steroid hormone receptor expressed by each cell population. In order to do so, we utilized the statistics automatically generated by the CellQuest Pro program. This analysis software is able to provide values for the mean fluorescent intensity (MFI) of the receptors based on the number of fluorochrome-labeled antibodies that bind to each cell and are captured by the flow cytometer. The MFI represents the average amount of intensity of each labeled cell and thereby indicates which cell populations have higher or lower expression of the specific receptor analyzed. The software is able to generate the MFI data for a dot plot based on the receptor shown on the X-axis and Y-axis, and further segregates this information for cells falling within a specific quadrant, which is determined by the cross hatches. Cross hatches are identified using fluorescently-labeled isotype control antibodies to the receptor of interest. [Table 1](#table-fn1){ref-type="table"} shows the mean fluorescent intensity (MFI) for the population of CD45^+^ cells shown in [Figure 3](#fig3){ref-type="fig"} that expressed the particular steroid hormone receptor. The data in [Table 1](#table-fn1){ref-type="table"} includes the MFI for the receptors of interest and are compared with the isotype control.

Discussion
==========

Flow cytometry is an important tool for determining protein expression of cell surface receptors and has also been shown to be useful for identifying expression of intracellular proteins in permeabilized cells \[[@r21]\]. Therefore, flow cytometry can be a potentially useful tool in the field of steroid hormone receptor biology by providing a technique for analyzing steroid hormone receptors at the protein level within intact cells \[[@r22]\]. Previous studies have indicated the usefulness of this technique in analyzing specific hormone receptors in patient samples, cell lines and murine models \[[@r15]; [@r14]\]. We have expanded on previous studies and shown that multiple steroid hormone receptors can be analyzed in rat leukocyte populations using this technique. Here, we show identification of one steroid hormone receptor expressed by a single cell, although it is feasible to analyze multiple intracellular proteins using flow cytometry. This type of analysis has not been previously reported and may pose increased difficulties due to nonspecific binding of antibodies to intracellular proteins.

In addition to providing information on cells expressing specific receptors, this method gives an indication of the number of receptors expressed by an individual cell, thus providing a means to quantify receptors on each cell. Another advantage of this technique is that expression of proteins of interest can be correlated with the degree of activation, maturation or differentiation of given cell types, as previously reported by Boldizsar, et al. \[[@r23]\] in their analysis of glucocorticoid receptors expressed by murine thymocytes. Finally, if complex mixtures of cells are present, flow cytometry can be used to sort subpopulations of cells and therefore identify steroid hormone receptors expressed by specific types of cells. This method is, however, limited in its inability to specify the location within the cell (nucleus, cytoplasm, mitochondria) of intracellular proteins that are identified.

Here, we show that flow cytometry can be used to identify intracellular expression of steroid hormone receptors by rat leukocytes. We are able to demonstrate expression of multiple steroid hormone receptors, including the glucocorticoid receptor, androgen receptor and progesterone receptor, from a variety of cell sources and organs. Using real-time reverse-transcriptase polymerase chain reaction (RT-PCR) and fluorescent microscopy methods, we have previously detected mRNA and protein, respectively, for these receptors in cells \[[@r24]\]. This method could, therefore, be useful to answer a variety of scientific questions related to steroid hormone receptor biology, including determining the responsiveness of specific cell types to steroid hormone treatment. This method would, therefore, be a very useful tool for rapid, high throughput measurement of steroid hormone receptors at the protein level in single, intact cells.
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